Extremely preterm birth is associated with subsequent behavioral problems. We hypothesized that perinatal systemic inflammation, a risk factor for cerebral white matter injury and cognitive impairment, is associated with behavior problems observed at 2 y. Methods: In a cohort of 600 children born before 28 wk gestation, we measured 25 inflammation-related proteins in blood collected on postnatal days 1, 7, and 14, and identified behavior problems using parent responses to the Child Behavior Checklist for Ages 1.5-5 (CBCL/1.5-5) at 2 y of age. A persistent or recurrent protein elevation was defined as a concentration in the highest quartile (for gestational age and postnatal age) on at least 2 d ~1 wk apart. Behavior problems were defined by CBCL/1.5-5 subscale scores at or above the 93rd percentile. results: A single-day elevation of intercellular adhesion molecule-3 was associated with an increased risk of an attention problem, as were persistent or recurrent elevations of myeloperoxidase, interleukin-6, tumor necrosis factor-RI, interleukin-8, intercellular adhesion molecule-3, vascular endothelial growth factor-R1, and vascular endothelial growth factor-R2. These associations persisted among infants without white matter injury and cognitive impairment. conclusion: Among children born extremely prematurely, recurrent, or persistent elevations of inflammation-related proteins in blood during in the first two postnatal weeks are associated with an attention problem at age 2 y.
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CBCL/1.5-5 were less prevalent in our sample and are not presented. Each of the behavioral problems occurred 3-12 times more commonly among children who had another behavior problem as among children who did not have that other problem ( Table 1) .
Protein Elevations and Behavior Problems
Infants with elevated intercellular adhesion molecule (ICAM)-3 on 1 d were more likely than others to have an attention problem, and those with elevated ICAM-1 were less likely to be withdrawn ( Table 2) . Infants with elevations on two or more days of myeloperoxidase, interleukin-6, tumor necrosis factor-RI, interleukin-8, ICAM-3, vascular endothelial growth factor-R1, and vascular endothelial growth factor-R2 were about twice as likely to have an attention problem as children with lower concentrations of these proteins. An elevation of VEGF-R1 on two or more days was associated with a fourfold increase of a somatic problem. No other problem behaviors were associated with protein elevations on two or more days ( Table 3) .
Analyses Excluding Infants With Cerebral White Matter Injury or Early Cognitive Impairment
To assess the extent to which an association between elevated concentrations of inflammation-related proteins and an attention problem was a consequence of brain damage or early cognitive impairment, we evaluated the relationship between elevated concentrations of myeloperoxidase, interleukin-6, tumor necrosis factor-RI, interleukin-8, intercellular adhesion molecule-3, vascular endothelial growth factor-R1, and vascular endothelial growth factor-R2 and an attention problem among children who did not have sonographic evidence of brain damage and among children who did not have an mental development index (MDI) <70 (two SD below the reference sample mean). The odds ratios in these two subsamples differed minimally from those in the entire sample ( Table 4) .
DISCUSSION
Our primary finding is that children born extremely prematurely who had elevated concentrations of inflammation-related proteins in their blood during the first two postnatal weeks are more likely to have an attention problem at 24 postnatal months than are those who did not have recurrently or persistently elevated concentrations. With few exceptions, protein elevations on a single day were not associated with any of the behavior problems measured by the CBCL/1.5-5. In contrast, recurrent or persistent elevations of six proteins were associated with an attention problem. A secondary finding is that the relationships between elevated concentrations of inflammation-related proteins and an attention problem were not a consequence of observable brain damage or early cognitive impairment.
In agreement with prior studies of preterm and low birth weight infants (9,10), we found that the most prevalent abnormal CBCL/1.5-5 symptom scale was an attention problem, 
Prematurity, inflammation, and attention
Articles with a prevalence of 10%, and this was the only CBCL/1.5-5 scale associated with elevated concentrations of inflammationrelated proteins. While other CBCL/1.5-5 scales might not be related to perinatal inflammation, it is also possible that the latent interval between brain injury and clinical signs is longer for other behavioral problems assessed with the CBCL/1.5-5 or that selective vulnerability to inflammation exists in regions of the brain involved in attention. Prior studies in extremely preterm neonates have identified associations between inflammation biomarkers and both structural (6) and functional (7, 8) brain abnormalities, but the relationship of such biomarkers specifically to behavior problems has not been studied previously.
As has been the case for other brain disorders (6, 7, 11) , the risk of an attention problem was increased primarily when protein elevations were present on more than 1 d. This suggests that protein elevations that are recurrent or persistent are more highly associated with brain injury than those that are transient. One possibility is that sustained protein elevations reflect systemic inflammation, not specific to the brain. Another possibility is that brain damage is the source of inflammationrelated proteins, and that sustained protein elevations reflect continued production of inflammation-related proteins resulting from brain damage.
A synoptic view of the experimental and epidemiologic literature suggests that perinatal exposure to inflammation does indeed lead to abnormalities in brain structure and function, as well as behavioral abnormalities (6, 7, 11, 12) . The most recent finding in neonatal mice that repeated exposure to low levels of interleukin-1 results in a reduction in the number of myelinated neurons and of neuronal diameter, as well as longterm memory deficits (13) is in keeping with our major finding of an association between intermittent or sustained systemic inflammation and developmental delay (7) and attention problems as reported in this paper. One neuropathologic mechanism likely to be involved in this scenario is the migration of neurons through a "minefield" of activated microglia on their way from the ventricular zone towards the developing cortex (14) . Although attention impairment is highly heritable (15), perinatal inflammation could be an important risk factor, since in a murine model; the detrimental effect of perinatal inflammation on attention is accentuated by a mutation affecting dopaminergic neurons (16) . Odds ratios (and 99% confidence intervals) of a Child Behavior Checklist problem if the concentration of the protein listed on the left was in the highest quartile on two or more days relative to that of children who did not have an elevated concentration of that protein in any blood specimen. Odds ratios are adjusted for gestational age (23-24, 25-26, 27 wk), first pregnancy, singleton pregnancy, and birth weight Z-score < −2. Bolded data indicate odds ratios that are significantly > 1 (P < 0.01). CRP, C-reactive protein; ICAM, intercellular adhesion molecule; IL, interleukin; I-TAC, interferon-inducible T cell α-chemoattractant; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; MMP, matrix metalloproteinase; MPO, myeloperoxidase; RANTES, regulated upon activation, normal T-cell expressed, and (presumably) secreted; SAA, serum amyloid A; TNF, tumor necrosis factor; VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial growth factor. Odds ratios (and 99% confidence intervals) of a CBCL-defined attention problem if the concentration of the protein listed on the left was in the highest quartile on two or more days relative to that of children who did not have an elevated concentration of that protein in any blood specimen. Odds ratios are adjusted for gestational age (23-24, 25-26, 27 wk), first pregnancy, singleton pregnancy, and birth weight Z-score <−2. Bolded data indicate odds ratios that are significantly > 1 (P < 0.01). The sample represented by the middle column is identical to the sample on the left, except for the exclusion of all children who had an echolucent (hypoechoic) lesion in the cerebral hemisphere or whose lateral ventricles were moderately or severely enlarged. The sample represented by the column on the right is identical to the sample on the left, except for the exclusion of all children with an MDI < 70. CBCL, Child Behavior Checklist for Ages 1.5-5; ICAM, intercellular adhesion molecule; IL, interleukin; MDI, mental development index; MPO, myeloperoxidase; TNF-R1, tumor necrosis factor receptor-1; VEGF, vascular endothelial growth factor.
In our sample, the association between elevated concentrations of inflammation-related proteins during the first two postnatal weeks and a CBCL/1.5-5-defined attention problem at age 2 y does not appear to be a consequence of sonographically detectable brain damage. This finding should be viewed with caution because detection of cerebral white matter damage by ultrasound has modest sensitivity for white matter abnormalities (17) . Others, however, by using more sensitive imaging techniques, found structural correlates of attention problems, especially in the frontostriatal fiber tracts (18, 19) . Because we could not assess fiber tract integrity, we could not evaluate the possibility that our associations of inflammation with attention dysfunction reflect disordered structure of the tract in the frontal lobe or other components of attention networks.
Among children born extremely premature, attention deficit is associated with cognitive impairment (20) . In the extremely low gestational age newborn (ELGAN) cohort, cognitive impairment has been associated with elevations of inflammation-related proteins (7). However, in this study we found an association between inflammation and an attention problem even when infants with cognitive impairment were excluded from our analyses.
Extremely preterm infants frequently are exposed to prenatal and postnatal initiators of inflammation. In the sample studied here, the group of pregnancy disorders identified as spontaneous indications for preterm delivery have each been shown to be associated with histologic inflammation of the placenta and the recovery of bacteria from the placenta (21). These pregnancy disorders (22) , histologic inflammation of the placenta (23) , and recovery of microorganisms from the placenta (24) have each been associated with early systemic inflammation in very preterm newborns. Consequently, antenatal inflammatory stimuli can contribute to a systemic fetal inflammatory response. On the other hand, in this sample, postnatal bacteremia (25) , necrotizing enterocolitis (26) , and assisted ventilation for two or more weeks (27) have preceded or accompanied systemic inflammation. Both prenatal and postnatal inflammation might be attenuated by pharmacological interventions (28, 29) .
A possible limitation of our study is that only 50% of our cohort of extremely preterm survivors had both data elements required for this study, which could be a source of bias. Cohort members who were included were less likely to be born to mothers eligible for public assistance. However, it is unlikely that our findings are attributable to selection bias because social disadvantage, which was slightly underrepresented among study participants, would be expected to add to (30) or accentuate (31) the associations we found between biological risk factors and developmental impairments among preterm infants. A second limitation is that the primary outcomes in this study, parent-reported behavioral problems, are only moderately stable over time. The correlation coefficient for CBCL scores for attention problems assessed 8 y apart has been found to be 0.37 (32) .
Our finding that elevated levels of inflammation-related proteins are associated with attention problems at 2 y could have implications for efforts to improve the quality of life for extremely preterm infants. Immunomodulatory interventions might decrease the risk of attention problems. Infants with indicators of perinatal inflammation could be targeted for special assessment of attention, followed by interventions to improve attention, when appropriate.
In conclusion, among children born extremely preterm, recurrently or persistently elevated blood levels of inflammation-related proteins in the first two postnatal weeks are associated with an increased risk of an attention problem at 24 mo of age. Observable brain damage and significantly limited early cognitive functioning do not appear to be an intermediary between early systemic inflammation and a later attention problem.
METHODS

Subjects
The ELGAN study is a multicenter observational study of the antecedents of brain disorders in extremely preterm infants (33) . During the years 2002-2004, women delivering before 28 wk gestation at 1 out of 14 participating institutions in 11 cities in 5 states were asked to enroll in the study. The sample for this report consists of the 600 newborns enrolled in the ELGAN study for whom protein measurements on at least two of the three protocol days (days 1, 7, and 14) and T scores derived from the CBCL/1.5-5 were available. The enrollment and consent processes were approved by the Institutional Review Board at Wake Forest School of Medicine and the Institutional Review Boards at all participating institutions. The parents of all participants provided informed consent.
Clinical Data
Mothers were interviewed about their reproductive health and medications taken during pregnancy. Their medical records were reviewed to obtain information about complications and treatments during pregnancy, labor, and delivery.
Gestational age (GA) estimates were based on a hierarchy of the quality of available information. Most estimates were based on the dates of embryo retrieval, intrauterine insemination, or fetal ultrasound before the 14th wk (62%). When these data were not available, estimates were made, sequentially, on a fetal ultrasound at 14 or more weeks (29%), last menstrual period without fetal ultrasound (7%), and GA) recorded in the log of the neonatal intensive care unit (1%).
The birth weight was obtained from infant's medical record and the birth weight Z-score was defined as the number of standard deviations the infant's birth weight was above or below the median weight of infants of the same GA in referent samples not delivered for preeclampsia or fetal indications.
Protocol ultrasound scans were obtained between the first and fourth day, between the fifth and fourteenth day, and between the fifteenth day and the 40th wk postmenstrual age (i.e., postconceptional age). Each set included the six standard quasi-coronal views and five sagittal views using the anterior fontanel as the sonographic window. Efforts to increase reliability of ultrasound interpretations are described in detail elsewhere (34) . For protein elution, 12 mm punched biopsies of the frozen blood spots were submerged in 300 μl phosphate-buffered saline containing 0.1% Triton X100 (Sigma-Aldrich, St Louis, MO) and 0.03% Tween-20 (Fisher, Hampton, NH), vortexed for 30 s, and incubated
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Articles on a shaker for 1 h at 4 °C. The buffer and biopsy were then transferred over the filter of a SpinX tube (Corning, Fisher), centrifuged at 2,000×g followed by collection of the filtered eluted blood. An additional wash of the punch was performed in 100 μl for a final elution volume of 400 μl.
Proteins were measured in duplicate in the Laboratory of Genital Tract Biology of the Department of Obstetrics, Gynecology, and Reproductive Biology at Brigham and Women's Hospital, Boston, MA with an electrochemiluminescence multiplex detection system (MSD multiplex platform, Sector Imager 2400, Discovery Workbench Software, both from Meso Scale Siscovery (MSD), Gaithersburg, MD) that has been validated by comparisons with traditional enzymelinked immunosorbent assay (35, 36) .
The multiplex assays were optimized to allow detection of each biomarker within the linearity range of the eluted samples. Consequently, the 25 proteins were measured on three separate multiplex platforms allowing assessment of each protein within the assay sensitivity and the linearity range of the samples. The low limit of detection of each protein is calculated as the mean + 2.5 SD of the blank of each detection antibody. The Meso Scale Discovery technology and software eliminate any interspot cross talk within the linearity range. Split quality control blood pools tested on each plate showed interassay variation of below 20% for each protein.
The total protein concentration in each eluted sample was determined by bicinchoninic acid assay (Thermo Scientific, Rockford, IL) using a multi-label Victor 2 counter (Perkin Elmer, Boston, MA) and measurements made in duplicate of each analyte normalized to mg total protein. The concentrations of all proteins were measured as picograms/mg total protein, but all analyses classified children by the quartile in which each protein concentration fell.
We measured the following 25 proteins: c-reactive protein (CRP), serum amyloid A (SAA), myeloperoxidase (MPO), interleukin-1β (IL β-1), interleukin-6 (IL-6), interleukin-6 receptor (IL-6R), tumor necrosis factor-α (TNF-α), tumor necrosis factor receptor-1 (TNF-R1), tumor necrosis factor receptor-2 (TNF-R2), interleukin-8 (IL-8; CXCL8), monocyte chemotactic protein-1 (MCP-1; CCL2), monocyte chemotactic protein-4 (MCP-4; CCL13), macrophage inflammatory protein-1β (MIP-1β; CCL4), regulated upon activation, normal T-cell expressed, and [presumably] secreted (RANTES; CCL5), interferoninducible T cell α-chemoattractant (I-TAC; CXCL11), intercellular adhesion molecule-1 (ICAM-1; CD54), intercellular adhesion molecule-3 (ICAM-3; CD50), vascular cell adhesion molecule-1 VCAM-1; CD106), E-selectin (CD62E), matrix metalloproteinase-1 (MMP-1), matrix metalloproteinase-9 (MMP-9), vascular endothelial growth factor (VEGF), vascular endothelial growth factor receptor-1(VEGF-R1; Flt-1), vascular endothelial growth factor receptor-2 (VEGF-R2; KDR), insulin-like growth factor binding protein-1 (IGFBP-1).
Because protein concentrations varied with GA at delivery and with the postnatal day of collection, we divided our sample into nine groups defined by three GA categories (23-24, 25-26, 27 wk) crossed with the 3 d (1,7,14) of blood collection. Because we were interested in the contribution of high protein concentrations, and none of them followed a normal distribution, we dichotomized between the highest quartile and the lower three quartiles of the distribution of each protein's concentration within each of the nine groups.
Identification of Behavior Problems
Approximately 2 y from each infant's expected date of delivery, we obtained parent or guardian's ratings on the CBCL/1.5-5. According to the CBCL/1.5-5 test manual, T scores between the 93rd and 97th percentile are in the borderline range and T scores above the 97th percentile are in the significant range of clinical concern (37). For our analyses, we considered infants with T scores at or above the 93rd percentile to have a behavior problem. Seven symptom scales (emotionally reactive, anxious/depressed, somatic complaints, withdrawn, sleep problems, attention problems, and aggressive behavior) and two broad symptom clusters (internalizing and externalizing) were considered. The internalizing cluster consisted of emotionally reactive, anxious/depressed, somatic complaints, and withdrawn; the externalizing cluster consisted of attention problems and aggressive behavior.
Identification of Impaired Early Cognitive Functioning
Each infant was evaluated with the Bayley Scales of Infant Development-II (BSID-II), a standardized assessment of infant cognitive and motor function, which yields a MDI (38) that is modestly predictive of intelligence quotient (39) . The BSID-II manual defines a significant delay as a MDI below 70, i.e., 2 SD below the mean in the standardization sample. In this study, we used MDI <70 to classify children as having significantly limited early cognitive functioning. When a child's visual or neurological impairments precluded assessment with the BSID-II, or more than two items were omitted or judged to be "unscorable, " the child was classified as not testable on that scale. The Adaptive Behavioral Composite of the Vineland Adaptive Behavior Scales (40) was used to approximate the mental scale score of children who were considered not testable with the BSID-II. Certified examiners administered and scored the BSID-II. All examiners were experienced users of the BSID-II and, specifically for the ELGAN study, attended a 1-d workshop to review published guidelines for test administration and videotaped examinations. Examiners were aware of the child's enrollment in the ELGAN study and corrected age, but not the child's medical history, brain ultrasound abnormalities, or blood levels of inflammation-related proteins.
Statistical Analysis
We defined an elevation of an inflammation-related protein as a concentration in the top quartile for infant GA and the postnatal day the specimen was obtained. We evaluated the null hypotheses that elevations of inflammation-related proteins on days 1, 7, and 14, and persistent or recurrent elevations of these proteins, defined as elevated concentrations of a protein on at least 2 d ~1 wk apart, are not associated with behavior problems, as defined above.
We expressed the strength of association between elevated concentrations of inflammation-related proteins and each behavior problem with odds ratios and 99% confidence intervals. We selected the 99% confidence interval, rather than the conventional 95% interval, to account for multiple comparisons (25 proteins measured at three times), while not appreciably increasing the risk of a Type II (false negative) error. To estimate odds ratios and 99% confidence intervals, we used logistic regression models which adjusted for GA, birth weight Z-score, first pregnancy, and multifetal pregnancy. These variables were selected as potential confounders because in preliminary analyses they were associated with both a protein elevation and a behavior problem at a significance level of P < 0.2.
We explored the possibilities that either cerebral white matter damage or significantly delayed early cognitive functioning was an intermediary between elevated concentrations of inflammation-related proteins and a behavior problem by repeating our analyses after excluding the 91 children who had an echolucent lesion in the cerebral white matter or moderate-to-severe ventricular enlargement or the 158 infants with an MDI below 70.
